
Poster Session

Condensed
Matter Physics

Plutonium Futures—The Science

395Condensed Matter Physics



P u   F u t u r e s — T h e   S c i e n c e396



397 Poster Session
CP532, Plutonium Futures – The Science, edited by K. K. S. Pillay and K. C. Kim,

2000 American Institute of Physics 1-56396-948-3

Non-Aqueous Chemistry of Uranyl Complexes with Tripodal Ligands

Introduction

The trans dioxo uranyl(VI) ion (UO22
+) is remarkably stable with respect to the

U=O bond, which dominates the stereochemistry of its coordination compounds
in both aqueous and non-aqueous solutions. The linear O=U=O unit directs all
other ligands to coordinate in an equatorial plane perpendicular to the O=U=O
axis. In aqueous solution, uranyl coordination chemistry has been developed with
a wide array of weak-field ligands that coordinate in the equatorial plane. In
contrast, non-aqueous uranyl chemistry incorporating stronger donor ligands at
equatorial sites has been less well developed. In this paper, the use of tripodal
ligands with strong amide and alkoxide donors is employed, with an aim towards
probing the electronic and steric effects of these cis-directing ligands on the struc-
ture and bonding of the trans dioxo unit.

Description of Work

The synthetic strategy entails two possible routes (Figure 1): (1) metathesis
reaction of a uranyl chloride precursor with an alkali metal salt of the ligand; or
(2) amine elimination involving a uranyl amido complex and the protonated
version of the tripodal ligand. The reactions in step 1 are more prone to complica-
tions with respect to reduction of the uranyl center, which are obviated in step 2.
The tripodal ligands selected include triamidoamine donors (as shown in
Figure 1), calix[4]arenes, and Kläui ligands. Elucidation of the electronic structure
and bonding of the products
is obtained by a diverse array
of characterization tech-
niques, including X-ray
diffraction and EXAFS,
multinuclear nuclear mag-
netic resonance (NMR) spec-
troscopy, infrared (IR) and
Raman, luminescence, and
optical spectroscopy.

Results

Although amido ligands
(NR2)- are prevalent in low-
valent uranium chemistry,
uranyl amido complexes are
exceedingly rare, being
restricted to the derivatives
shown in Figure 1. The
tris(amido) complex shown
above has just recently been
synthesized in our lab, and is
an extremely rare example of
a uranyl complex with only
three equatorial ligands.
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Despite the inherent coordinative unsaturation, this complex is nevertheless
relatively electron-rich, as the addition of a neutral donor ligand to expand the
coordination geometry is reversible.

The results obtained from the addition of various tripodal ligands to uranyl
species depend primarily on electronic factors associated with the ligand em-
ployed. As shown in Figure 2, ligands with electron-withdrawing substituents
attached to the amido donors generate no perturbation of the trans dioxo unit on
uranium (I). Alternatively, the use of more electron-releasing silyl substituents
results in activation of one uranyl oxo group and partial reduction, to give an
unprecedented mixed-valent U(V/VI) oxo-imido complex (II). Results from other
reactions are evaluated in a similar context.
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Organoactinides—New Type of Catalysts for Carbon-Carbon, Carbon-
Nitrogen, and Carbon-Silicon Bond Formations

In recent years the catalytic aspects of the organometallic complexes of d0/fn -
block have attracted major attention and have been in particular the focus of
numerous investigations for the functionalization of unsaturated organic mol-
ecules. Metal-mediated oligomerization of terminal alkynes is of considerable
current interest because it can lead to a variety of organic enynes and
oligoacetylene products that are useful synthetic precursors for the synthesis of
natural products and also for organic conducting polymers.

We have recently demonstrated that organoactinides complexes of the type
Cp*2AnMe2 (Cp* = C5Me5; An = U, Th) are active catalysts for the linear oligomer-
ization of terminal alkynes and the extent of oligomerization was found to be
strongly dependent on the electronic and steric properties of the alkyne substitu-
ents. For example, bulky alkynes reacted with high regioselectivity towards dimer
and/or trimers (eq. 1), whereas for non-bulky alkynes, the oligomerization
yielded dimers to decamers with total lack of regioselectivity.1 The addition of
primary amines, for An = Th, allowed the chemoselective formation of dimers2

whereas for An = U the hydroamination product was obtained (eq. 2).3
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The metal-catalyzed hydrosilylation reaction, which is the addition of a Si-H bond
across a carbon-carbon multiple bond, is one of the most important reactions in
organosilicon chemistry and has been studied extensively for half a century.
Considerable attention has been paid in recent years to the versatile and rich
chemistry of vinylsilanes, which are considered as important building blocks in
organic synthesis. The synthesis of vinylsilanes has been extensively studied, and
one of the most convenient and straightforward methods is the hydrosilylation of
alkynes. In general, hydrosilylation of terminal alkynes produces the three differ-
ent isomers, cis, trans and geminal, as a result of both 1,2 (syn and anti) and 2,1
additions, respectively. The distribution of the products is found to vary consider-
ably with the nature of the catalyst, substrates and also the specific reaction
conditions. We have recently shown that organoactinides complexes of the type
Cp*2AnMe2 (Cp* = C5Me5; An = U, Th) are active catalysts for the hydrosilylation
of terminal alkynes with silanes of terminal alkynes, and the extent of oligomer-
ization was found to be strongly dependent on the electronic and steric properties
of the alkyne substituents.4

The room temperature reaction of Cp*2AnMe2 (An = Th, U) with an excess of
terminal alkynes RC≡CH and PhSiH3 (alkyne:silane:catalyst = 40:40:1) in either
benzene or tetrahydrofuran results in the catalytic formation of trans-vinylsilane
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RCH=CHSiH2Ph , the dehydrogenative silylalkyne RC≡≡≡≡≡CSiH2Ph and the corre-
sponding alkenes RCH=CH2 as shown in equation 3.

RC CH + PhSiH3

Cp*2AnMe2

An = U, Th

HR

H SiH2Ph

+ RC CSiH2Ph RCH=CH2+  (3)

The corresponding hydrosilylation reactions using Cp*2ThMe2 with PhSiH3 and
the terminal alkynes RC≡CH (R = tBu, iPr, nBu) (alkyne:silane:catalyst = 40:40:1), at
high temperature follows the regioselectivity and chemoselectivity as obtained for
the hydrosilylation reaction at room temperature (eq. 3). The only difference was
found for isopropylacetylene; for it, no hydrogenated alkane was produced, and
the double hydrosilylated product iPrCH=C(SiH2Ph)2 was achieved.

The stoichiometric and catalytic properties of organo-f-element complexes are
deeply influenced by the nature of the p ancillary ligands. Structurally, a consider-
able opening of the metal coordination sphere (frontier orbitals) at the s-ligand
equatorial girdle is obtained by replacing the pentamethylcyclopentadienyl
ligation in Cp*2MR2 (Cp*= C5Me5, M = f-element metal, R = s-bonded ligand) by a
bridged ligation towards the corresponding ansa-Me2SiCp”2MR2 (Cp” = C5Me4).
We have shown above that organoactinides of the type Cp*2MR2 are active cata-
lysts for either the oligomerization of terminal alkynes or the hydrosilylation of
terminal alkynes with PhSiH3. In the former catalytic process the reaction proceeds
slowly with no regioselectivity for small alkyne substituents. The lack in
regioselectivity is obtained because of the different mode of insertion of the
terminal alkyne at the metal-carbyl bond, at each growing step. In the latter
catalytic process—hydrosilylation—the reaction produces a myriad of
hydrosilylated and hydrogenated products due to parallel competition processes.
Thus, a conceptual question arises regarding the use of a more open
organoactinide such as Me2SiCp”2ThnBu2 as compared to Cp*2MR2. This opening
in the coordination sphere at the metal center was shown to increase the reactivity
and at the same time the selectivity of the products in both oligomerization and/
hydrosilylation catalytic processes since any approach to the metal center through
the equatorial plane is selectively hindered by the methyl groups of the bridged
ancillary ligation. In this presentation we report, and quantitatively compare, the
effects of the ansa-organothorium complex Me2SiCp”2ThnBu2 for the chemo- and
regio-selective dimerization of terminal alkynes as well as the extremely rapid
regioselective hydrosilylation of terminal alkynes with PhSiH3 as compared to the
open organoactinides.5 In every case the full characterization of compounds
(x-ray), kinetics and thermodynamic data will be presented. Plausible mecha-
nisms are proposed.
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Figure 1.  Linear free
energy relationship
of the equation for
M3+-hTF (log K)
complexes.

A Novel Equation for Predicting Stability Constants of Aqueous Metal
Complexes and Actinide Binding to Protein

Metal complexation with various inorganic or organic ligands in aqueous solu-
tions directly controls the solubility, sorption, and toxicity of toxic metals includ-
ing radionuclides in natural environments.  The quantitative calculations of metal
complexation thus have been routinely used in predicting the fate and impact of
heavy metals in natural environments.  The effectiveness of these calculations
heavily depends on the completeness and quality of the thermodynamic data-
bases on which the calculations are based. Unfortunately, the thermodynamic
data for many metal complexes, especially those with radionuclides, are currently
either unknown or poorly constrained. Therefore, there is a need for (1) develop-
ing a method to predict the unknown thermodynamic data based on a limited
number of the existing measurements and (2) using this method to check the
internal consistency of the thermodynamic databases that are used in the calcula-
tions.

The stability constants (KML) for a family of metal complexes can be correlated to
the non-solvation energies (∆G0

n, Mn+) and the radii (rMn+) of cations by equation:

2.303RTlogKML =  -a*ML ∆G0
n, Mn+ - b**ML - b*ML rMn+  + ∆G0

f, Mn+,

where the coefficients a*ML, b**ML, and β*ML characterize a particular family of metal
complexes.

The equation can be used to predict the Gibbs free energies of formation or stabil-
ity constants for a family of metal complexes and chelates with a given
complexing ligand.
The equation can also
be used for predicting
binding strength of
metals and actinides
to a protein of human
serum transferrin
(hTF) (Figure).

The linear free energy
relationship is a
function of non-
solvation energy and
inonic radii of cations.
The relationship can
be applied to both
inorganic and organic
metal complexs/
chelates.  The discrep-
ancies between the
predicted and experi-
mental data are generally less than one log unit.  The use of this linear free energy
correlation can significantly enhance our ability to predict the speciation, mobility,
and toxicity of heavy metals and actinides in natural environments.
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Radiation Effects in Uranium-Niobium Titanates

Pyrochlore is an important actinide host phase proposed for the immobilization of
high level nuclear wastes and excess weapon plutonium.[1] Synthetic pyrochlore
has a great variety of chemical compositions due to the possibility of extensive
substitutions in the pyrochlore structure.[2] During the synthesis of pyrochlore,
additional complex titanate phases may form in small quantities. The response of
these phases to radiation damage must be evaluated because volume expansion
of minor phases may cause micro-fracturing. In this work, two complex uranium-
niobium titanates, U3NbO9.8 (U-rich titanate) and Nb3UO10 (Nb-rich titanate) were
synthesized by the alkoxide/nitrate route at 1300°C under an argon atmosphere.
The phase composition and structure were analyzed by EDS, BSE, XRD, EMPA
and TEM techniques. An 800 KeV Kr2+ irradiation was performed using the
IVEM-Tandem Facility at Argonne National Laboratory in a temperature range
from 30 K to 973 K. The radiation effects were observed by in situ TEM.

At room temperature, the critical amorphization doses (Dc) of U-rich titanate and
Nb-rich titanate irradiated by 800 KeV Kr2+ are 4.72×1017 (0.10 dpa according to
the TRIM-96 calculation) and 5×1017 ions/m2 (0.11dpa), respectively. No signifi-
cant difference of critical amorphization dose was observed between the U-rich
and Nb-rich titanates. The temperature dependences of the critical amorphization
doses are shown in Fig. 1. With increasing temperature, the critical amorphization
doses increase as a result of dynamic annealing. The critical amorphization tem-
perature for both Nb-rich and U-rich phases is ~ 933 K.

Above the critical amorphization temperature, full amorphization does not occur,
and nanocrystal formation was observed. Fig. 2 shows the microstructure of the
U-rich titanate irradiated at 933 K at an ion dose of 2.5×1019 ions/m2. Nanocrystals
have a preferred orientation, and the average size is 15 to 20 nm. The microstruc-
ture of U-rich titanate irradiated by 1.88×1019 ions/m2 Kr2+ at 973 K is shown in
Fig. 3. Nanocrystals with a random orientation were observed.
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Figure 1.
Temperature
dependences of
critical
amorphization
doses of the U-rich
and Nb-rich
titanates irradiated
by 800 KeV Kr2+.
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denotes the
formation of
nanocrystals at
933 K.
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Figure 2. (a) Bright-
field image; (b) SAD
pattern; (c) HRTEM
image of U-rich
titanate irradiated
by 800 KeV Kr2+ at
933 K.

Figure 3. The
microstructure of
U-rich titanate
irradiated by
800 KeV Kr2+ at
973 K with ion dose
of 1.8×1019 ions/cm2:
(a) Bright-field
image; (b) Dark-field
image; (c) HRTEM
image.
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Ion irradiation-induced nanocrystal formation can be the result of competition
between amorphization and crystal recovery and recrystallization.[3-5] Epitaxial
growth and nucleation-growth are the primary crystal recovery mechanisms
during the process of ion irradiation-induced amorphization. Due to the higher
energy barrier for the formation of new crystal nuclei, the probability of nucle-
ation-growth is small as compared with that of epitaxial growth. Thus, the epi-
taxial recrystallization of the highly damaged materials leads to the formation of
nanocrystals at 933 K. As a result, nanocrystals show a preferred orientation
similar to that of the original crystalline matrix. At a higher temperature, 973 K,
the probability of nucleation increases due to the lower quench rate and longer
annealing time. Thus, nanocrystals of random orientation can form around these
newly formed nuclei. In this case, ion irradiation-induced nucleation-growth of
nanocrystals that occurs in heavily damaged crystalline materials at elevated
temperature is similar to thermally activated recrystallization in cold-worked
metals.[6,7] Epitaxial growth and ion irradiation-induced nucleation-growth both
have important effects on the formation and orientation of nanocrystals.
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Electronic and Geometric Structure of Pu Metal:
A High-Resolution Photoelectron Spectromicroscopy Study

Introduction

The physical characteristics of any given material are largely derived from the
behavior of its valence electrons. Valence electrons are the lowest energy electrons
in a material and are responsible for the formation of chemical bonds. Typically, in
a metal, electrons are either localized around a particular atom or are delocalized
(i.e., shared by all the atoms in the crystal) throughout the entire metal. The
actinide series is interesting because as the atomic number increases across the
series, the electrons in the actinide metals make a transition from delocalized 5f
electrons (Ac–Pu) to localized 5f electrons (Pu–No). Plutonium (element 94) is
located right at this transition. This placement in the series leads to plutonium
metal being one of the most complex materials known. Metallic plutonium dis-
plays six allotropic phases (α, β, γ, δ, δ′, and ε) at standard pressure. A 20% vol-
ume expansion occurs during the change from the a phase to the δ phase. These
physical properties have been attributed to the 5f valence electrons changing from
delocalized states to localized states as the crystal structure changes from the α
phase to the δ phase.

Soft x-ray techniques (photon energy in the range of 10–1000 eV) such as photo-
electron; x-ray emission; and near-edge, x-ray absorption spectroscopies have
been used to determine the electronic structure of many (in fact most) materials.
However, these techniques have not been fully utilized on the actinides. The
safety issues involved in handling the actinides make it necessary to minimize the
amount of radioactive materials used in the measurements. To our knowledge,
the only synchrotron radiation source in the world where soft x-ray measure-
ments have been performed on plutonium is the Spectromicroscopy Facility at
Beam Line 7.0.1 at the Advanced Light Source (ALS).

The Spectromicroscopy Facility is designed so that measurements can be made on
small quantities of hazardous material. This facility has a photon flux of 1013

photon/sec at a photon energy of 100 eV with 0.01 eV resolution. The high pho-
ton flux allows one to focus the beam down to a size of 50 microns and still have
enough light intensity at the sample for measurements to be conducted in a
reasonable time frame 1–10 minutes per spectrum. Therefore, the sample size can
be on the order of 100 microns in diameter. This greatly minimizes the amount of
plutonium on site during the experiment.

Results

We performed core-level photoemission, valence band photoemission, and near-
edge x-ray absorption spectroscopy on both polycrystalline α-plutonium and δ-
plutonium microcrystals. Only the photoemission experiments will be described
here. Photoelectron spectroscopy is predicated upon the photoelectric effect first
described by Einstein in 1905. An incident photon is absorbed by an atom in the
solid, and an electron is ejected. An electron energy analyzer is used to measure
the direction and kinetic energy of the emitted electron. The kinetic energy of the
photoelectron is directly related to its binding energy in the solid.
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Figure 1. Core-level
photoemission
spectra from a
large crystallite
δδδδδ-plutonium
sample and a
polycrystalline ααααα-
plutonium sample
are shown. These
spectra were
collected with a
photon energy of
850 eV and an
analyzer pass
energy of 6 eV.
Note that two large
components are
visible in each
spectrum, a sharp
feature at low
binding energy and
a broad feature at
higher binding
energy.

Figure 1 shows the Pu 4f core-level photoemission spectra from the α- and
δ-plutonium samples. The spectrum arising from core-level photoemission is
sensitive to energy differences in the initial state (no core hole) and the final state
(core hole and free photoelectron). The two core-level spectra in Figure 1 are
similar in that they both show two features, a sharp feature at low binding energy
and a broad feature at higher binding energy. The low-binding-energy feature can
be ascribed to a metallic initial state with a delocalized final state. As the 5f elec-
trons are more delocalized in the α- than in the δ-plutonium; the greater number
of delocalized electrons in the a-plutonium leads to greater intensity in this peak
than the d-plutonium.

Presently, the higher-binding-energy feature is not completely understood. It is
likely that this feature has two states contributing to it. We believe that, in simplis-
tic forms, one possible component contributing to the feature is made up of emis-
sion to an electronic final state with localized 5f electrons. If this is the case, it
suggests that both localized and delocalized 5f electrons are present in the a- and
d-plutonium phases. The second possible component of this feature is from an
initial state that has been oxidized.

Valence band spectra show that a small amount of oxygen remains on the surface
after the sample preparation. The binding energy of PuOx is higher than that of the
metal and would be expected to be seen around the position of the unknown high-
binding-energy feature. A final determination of the exact nature of this high-
binding-energy feature will shed light on the poorly understood valence electronic
structure of plutonium, as well as on the presence of localized and delocalized 5f
electrons in the different plutonium phases.

Our initial goal of the valence electronic structure measurements was to determine
the density-of-states of the 5f valence electrons in α- and δ-plutonium. This experi-
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ment can be directly compared with electronic structure calculations performed
by theoreticians. Figures 2(a and b) show the resonant photoemission spectra of
the valence band from δ- and α-plutonium, respectively. In a resonant photoemis-
sion experiment, valence band photoemission spectra are collected as the photon
energy is scanned through a core-level absorption edge. This can result in an
enhancement of the emission from specific valence levels. In the case of pluto-
nium, scanning the photon energy through the 5d absorption edge results in a
resonant enhancement of the 5f valence emission. The 5d–5f resonant photoemis-
sion measurements in plutonium are a measurement of the 5f contribution to the
valence density of states.

Two types of information are obtained in the resonant photoemission measure-
ments that can greatly enhance the understanding of plutonium metal. Two-
dimensional data slices can be taken in either the constant-photon-energy direc-
tion or the constant-binding-energy direction. Slices taken with a constant photon
energy are the equivalent to standard photoemission spectra with the exception
that specific valence states are emphasized. Different states turn on or become
enhanced at different photon energies.

The data in Figures 2(a and b) show clear differences in the resonant photoemis-
sion spectra from the α- and δ-plutonium. This is most evident in the state at
binding energy 0 eV. If this peak is followed as the photon energy is varied, one
notices that in the δ-plutonium (Figure 2a) after 100 eV, the peak smoothly in-
creased to a maximum and then smoothly decreased after the maximum was
reached. In direct contrast, the α-plutonium (Figure 2b) showed oscillatory behav-
ior after the initial maximum was reached. Theoretical calculations of the resonant
photoemission are currently ongoing to try to understand these differences.

A large theoretical effort has been undertaken to understand the plutonium data
that we have collected. The next phase of the valence-band, electronic structure
measurements will involve measuring the electron dispersion relation (band
structure) of the valence electrons in δ-plutonium, and the data will be compared
with theoretical calculations. The band structure can only be measured on a single
crystal of a material, and it is imperative to have excellent crystals for the mea-
surement. Future investigations will be based upon spin-resolving and photon-
dichroic photoelectron spectroscopy. The photon-dichroic measurements include
the variant magnetic x-ray linear dichroism.

Figure 2(a). The
5d–5f resonant
photoemission
spectrum with
analyzer pass
energy of 1 eV
showing the 5f
density of states in
the valence band
from a large
crystallite δδδδδ-
plutonium sample.

Figure 2(b). The
5d–5f resonant
photoemission
spectrum with
analyzer pass
energy of 1 eV
showing the 5f
density of states in
the valence band
from a
polycrystalline ααααα-
plutonium sample.
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The unique 5f valence electronic properties of plutonium metal cannot be ex-
plained by the typical one-electron calculations used to describe prototypical
metals. Calculations on plutonium metal incorporate these properties into calcula-
tions in an ad hoc manner. We can measure these effects directly to further our
understanding of one of the most complex materials known.
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Preliminary Study of (Pu1-xAmx) Solid Solutions

Introduction

Among the actinides, plutonium is at the critical position between the light
actinides with itinerant 5f electrons and the heavy actinides with localized 5f
electrons. The change of behavior of the 5f electrons between Pu and Am has
been described by Johansson1 as a Mott-like transition. Although α-plutonium is
monoclinic, and α-americium is hexagonal, plutonium alloys with Am exist over
a wide range of solubility.2 Am stabilizes the δ-Pu fcc structure in which 5f elec-
trons are more localised. This localisation was attributed to a negative chemical
pressure due to Am substitution in the Pu-lattice.3 Therefore the Pu1-xAmx solid
solutions appear to be the ideal material to investigate the localisation phenom-
ena of 5f electrons. In the present work, Pu1-xAmx samples with various concen-
trations of Am were prepared by arc melting pure metals and studied by means
of electrical resistivity measurements at low and high temperatures.

Experimental

Pu1-xAmx, with x = 0.06, 0.08, 0.1, 0.15, 0.20, 0.25, 0.30 and 0.45 were prepared by
arc melting pure metals in stoichiometric amounts and turned over several times
to ensure their homogeneity. Samples were then either “splat cooled” to get foils
of about 400 mm thickness and 8 mm diameter or cast in copper molds to get
rods of 2x2 mm and several cm length.

The samples obtained were characterised by X-ray diffraction, metallography and
microprobe analysis. Homogeneity of Am distribution was checked by autorad-
iography. Electrical resistivity was measured at low (down to 1.5 K) and high
temperatures (up to 800 K) on bulk samples (foils or rods) by a standard 4-point
AC Lock-In technique in experimental setups adapted for measuring highly
radioactive samples as described previously.4,5

Results and Discussion

Solid solutions were found to crystallize in the fcc cubic phase isostructural with
δ-Pu and β-Am. At the present stage, resistivity measurements are only available
for samples with x = 0.1, 0.25, 0.30 and 0.45. Resistivity curves obtained over the
whole range of temperature are shown in Figure 1.

At low temperature (up to 20 K to 40 K, respectively, for high and low Am con-
tent) the resistivity follows a ρ0+AT2 type law suggesting a dominant contribution
of interband diffusion phenomena. The variation of the A parameter with Am
concentration, almost constant from Pu0.5Am0.5 to Pu0.75Am0.25, shows a strong
increase for Pu0.9Am0.1 indicating considerable contribution of spin fluctuations.
This suggests an enhancement of Pu magnetic moment coupling due to an in-
crease of the 5f electrons’ localisation. However, these results should be treated
with care due to the large uncertainty in the determination of the absolute value
of the resistivity.
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At high temperature, the magnetic contribution of the alloys shows a Kondo type
behavior (ρ ~a-b.lnT with b/a proportional to the integral exchange J between
conduction electron and Pu moments6). It is observed that a and b slowly de-
crease as Am content increases, related to a decrease of the magnetic impurities
(Pu) concentration whereas the variation of the b/a ratio shows a more complex
variation. This is understood as being due to a decrease of the magnetic contribu-
tion with increasing Am content. Once a sufficient amount of Pu is substituted by
Am to reach a critical increase of the Pu-Pu interdistances, the systems tend to a
classical Kondo lattice behaviour of isolated magnetic impurities. These prelimi-
nary results are in good agreements with previous analysis of Pu alloys stabilised
in the δ phase by Al,7,8 Ga8 or Ce,8 but in order to shed more light on this
localisation-delocalistion phenomena, further investigations by other techniques
are required.
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Actinide Electronic Structure and Atomic Forces

In order to develop a predictive capability of materials properties it is necessary to
accurately determine the forces between the atoms in a solid. Most of the estab-
lished molecular dynamics simulations involve either pair potentials, embedded-
atom potentials, or, for covalent materials like Si, some classical potentials with
additional bond-angle information. Unfortunately, these methods have proved
inadequate for complex d-electron (transition-metal) and f-electron (actinide)
systems, which have important bond-bending forces that seem difficult to capture
in any simple way. The most promising approach for such systems is tight-bind-
ing (TB), which automatically builds in the quantum-mechanical bonding that
conventional first-principles local-density approximation (LDA) or gradient
corrected (GGA) band-structure calculations can very accurately determine.

We have developed a new method[1] of fitting tight-binding parameterizations
based on functional forms developed at the Naval Research Laboratory.[2] We have
applied these methods to actinide metals and report our success using them (see
below). The fitting procedure uses first-principles local-density-approximation
(LDA) linear augmented plane-wave (LAPW) band structure techniques[3] to first
calculate an electronic-structure band structure and total energy for fcc, bcc, and
simple cubic crystal structures for the actinide of interest. The tight-binding
parameterization is then chosen to fit the detailed energy eigenvalues of the bands
along symmetry directions, and the symmetry of the parameterization is con-
strained to agree with the correct symmetry of the LDA band structure at each
eigenvalue and k-vector that is fit to. By fitting to a range of different volumes and
the three different crystal structures, we find that the resulting parameterization is
robust and appears to accurately calculate other crystal structures and properties
of interest.
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In Fig. 1 we show a sample fit to a band-structure for uranium. As shown, we are
able to obtain almost exact agreement between the fitted and first-principles
band structures. In Fig. 2 we show the comparison between the total energies of
the LDA calculations and our tight-binding fits. Again, agreement is virtually
exact, even for the very asymmetric a-phase. We have also been successful in
calculating the charge-density-wave (CDW) in a-U using the tight-binding fits.
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Determination of Mechanical Properties of Aged Plutonium
from ARIES Pits by Instrumented Sharp Indentation

Introduction

We are studying the effects of extended aging in very old weapons-grade pluto-
nium that is being recovered from pits being destroyed for material disposition
(MD) purposes. This study is a piggyback study to the demonstration of the
Advanced Recovery Integrated Extraction System (ARIES). The plutonium in the
weapons selected for ARIES has a unique combination of advanced age and
varied service history.

The major goal of this study is to determine mechanical properties of aged pit
materials. Long-term, safe storage of plutonium from pits depends upon several
properties, including the strength and dimensional stability of the metal. A large
amount of concrete data about the structure and mechanical properties of pluto-
nium has been accumulated over many years, but very little of this data has a
bearing on the properties of the metal as it ages.

Description of Actual Work

We selected instrumented sharp indentation as the means to determine the me-
chanical properties of plutonium extracted from ARIES pits. This form of micro-
indentation allows us to use a plutonium sample about the size of a U.S. quarter
dollar and still permits space on the sample for other tests such as metallography
and x-ray diffraction.

Our work is based on recent papers written by Dr. Subra Suresh of M.I.T. Using
Dr. Suresh’s theory, we have extracted the yield strength, ultimate tensile strength,
and Young’s Modulus, and expect to extract the strain hardening coefficient and
residual stresses. Residual stresses in weapons are more than likely a result of the
various methods used to manufacture the pits and the various service histories of
the pits (e.g., different storage temperatures).

We use a hydraulic punch driver to obtain samples approximately the size of a
U.S. quarter dollar from the ARIES pits. By obtaining samples using a punch
driver, we are able to avoid excess sample preparation and preserve the inner
region of the punched samples for study without deformation or work hardening.

To perform the instrumented sharp indentation on the samples, we purchased
two Micro Photonics Inc. micro-indentation test systems (Model MHT). One will
be placed inside a glovebox for testing plutonium, and the other will remain cold.
These modern indentation machines are quite different from the older styles,
which required measuring indentation diagonals optically. The modern machines
take continuous readings of the applied load versus the depth of penetration
during the indentation as the load is both applied and removed. Since more than
ten indents can be taken on a sample in less than 15 minutes, good statistical
confidence can be readily achieved.
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During each indentation test, a number of parameters can be controlled. These
include loading and unloading rates, maximum load, and maximum indentation
depth. For soft materials, we apply a maximum load of 10,000 mN (~1 kg) at a
rate of 10,000 mN/min and then unload at a rate of 50,000 mN/min. The maxi-
mum load is sufficient to create a measurable indent, while the unloading rate is
fast enough to minimize creep.

Results

We have performed hundreds of instrumented sharp indentation tests on Alumi-
num-1100 (Al-1100) and will perform tests on plutonium metal once the indenta-
tion machine is made operational in the glovebox. Al-1100’s yield and ultimate
tensile strengths are close to those of delta-phase plutonium. We have also con-
ducting indentation tests with copper and stainless steel.

Our intent is to compare the mechanical properties derived from indentation tests
to the results from well-known conventional mechanical tests (tensile and com-
pressive) on similar samples. This will provide us with understanding regarding
both the precision and the accuracy of the indentation testing technique.

We have performed indentation tests on rough and polished surface Al-1100,
oxygen-free copper, and 304 stainless steel. The ultimate tensile strength results
are shown below. The theory for determining yield strength is less well devel-
oped.

Indentation Compression1

σ
UTS

σ
UTS

Material (MPa) (MPa)
Aluminum 1100 (Polished Surface) 100 105-110
Aluminum 1100 (Rough Surface) 100 105-110
Oxygen-free Copper (99.95 % Cu) 418 260
304 Stainless Steel 658 >600
1The materials were tested at room temperature,
under compression at a rate of 10-3/sec.

Another goal of our study is to determine mechanical properties for different
phases of inhomogeneous plutonium. We have performed indentation tests on

plutonium-simulate material (a Ce-5La alloy developed by Dr. Frank Gibbs) in
two conditions: homogenized and partially homogenized. By comparing the two,
we will observe possible differences in mechanical properties.

In plutonium, any aging effects brought about by varying temperatures and
pressures while in service may affect the mechanical integrity of the metal. So,
having some indication of the presence of more than one phase or other effects in
the plutonium may help define the appropriate service environments.
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Density of Plutonium Metal as a Function of Age

Densities of a large number of samples old plutonium metal are being measured,
to determine the magnitude of density changes as a function of metal age. Radio-
active decay produces helium within the metal lattice structure. Simultaneously,
radioactive decay disrupts the metal lattice, producing dislocations and vacan-
cies, which may or may not be occupied by the helium produced. The net effect of
the conjunction of these effects is a decrease in the bulk density of the metal with
time. This phenomenon has been seen in other metals,[1] and exhibits an induction
time which depends on the metal and on the rate of helium ingrowth.

The immediate purpose of the measurements is to determine the induction time
for Pu metal, and the magnitude of the density change to be expected in the metal
with age. The functional form of these trends may, by analogy with other met-
als,[1,2] illuminate the phenomena described above.

These data complement other measurements, such as x-ray diffraction determina-
tion of lattice constants, which measure absolute lattice expansion with time, and
direct measurements of helium content in the metal. The total helium content in a
sample can be measured as a destructive test, after completion of density and
other measurements. The amount of helium can alternatively be estimated quite
accurately from the known radioactive decay rate and age of the metal, and a
measurement of net helium evolved at the surface of the metal over time.

The plutonium metal is obtained from sources aged under known, controlled
conditions for periods of up to 32 years. The method of metal preparation, while
not recorded in detail, is known to have been uniform over large groups of
samples. When small samples are required, cutting is done in such a way as to
minimize distortion of the metal, and to minimize damage at sample edges.

Densities are measured using a precision immersion balance apparatus. The
precision is 0.01 g/cc for samples of this type. The precision is augmented by care
in selection of the immersion fluid, and by careful modification of the technique
to take into account heating of the immersion fluid by the self-heating of the
plutonium sample. Times of up to an hour are required for thermal stabilization
of the immersion fluid around the plutonium metal sample. Frequent calibration
against invar metal samples and against a set of National Bureau of Standards
(NBS) calibrated samples provide a check on the accuracy of the measurements
and of the stability of the system over time.

Data analysis uses statistical methods to take advantage of the relatively large
number of samples, 60 to 80, to overcome both limitations in precision of the
technique, and sample-to sample variation. Not only average values, but confi-
dence tolerance bounds can be determined, giving an accurate estimate of the
magnitude of variation within the sample population.

Dislocation density increases with the time of irradiation.[1] However, under the
relatively high energy of the plutonium decay (5 MeV for the α, 85keV for the
recoil U atom), thermal annealing follows the damage cascade, removing most of
the decay-generated dislocations.[3]
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The induction time for onset of volume expansion in metals depends on vacancy
and dislocation formation up to a critical defect population, but also on helium
mobility, as helium moving into a newly formed vacancy may stabilize the struc-
ture. Helium occupation may increase or decrease the energy associated with
dislocations. However, because helium results in stiffening of the lattice, the
helium ingrowth locks dislocations. To the extent that helium mobility can be
estimated from theory and from measured helium evolution at the metal surface,
measurement of the induction time for density change in plutonium may directly
indicate population density of voids and possibly dislocations generated during
radioactive decay.

Density of both dislocations and stabilized voids have implications for mechani-
cal properties and ultimately for physical integrity of the metal.[1,4] Measurement
of the induction time for volume expansion, besides providing useful indications
of time scales for material performance, may provide some of the time constants
for dislocation formation and annihilation, void migration, and helium migration.
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Electronic Structure of Elements and Compounds and
Electronic Phases of Solids

The paper reviews technique [1] and computed energies for various electronic
states of many-electron multiply charged ions, molecular ions, and electronic
phases of solids. The model used allows computation of the state energy for free
many-electron multiply charged ions with relative accuracy ~10-4 suitable for
analysis of spectroscopy data.

Energies of many-electron atoms and ions can be evaluated from solution to the
Schroedinger equation using the variational method with trial wave functions as
a simple product of hydrogen-like wave functions for each electron (with its own
parameter) and relevant model potential.

The 1s22s22pN state energy is described under the assumption of hybrid state
formation for all N + 2 electrons. All of these electrons are characterized with an
identical wave function parameter. Energy of the following electron shells can be
calculated similarly. It is possible to find proper energy values for the ground
state of ions with different nucleus charge Z. Having described the ground state
energy, energies of numerous one-electron excited states of ions with the number
of electrons higher by one can be calculated.

It is shown that energies of excited electron states of molecules can be calculated
reasoning from classification of similar atomic states. For the hydrogen molecule
the energy of excited states of the outer electron in the nuclei field and the inner
electron is described well with this approximation.

The paper presents a model for compressed atom energy computation and deri-
vation of the semi-empirical equation of state of solids using it. The model was
used as a basis to obtain analytical expressions for dependencies of elastic energy
and elastic pressure on the degree of compression describing the experiment well
for many materials. The method used allows relating the energy variation at
material compression with equilibrium energy of outer electrons in the solid
atomic cell and estimating this effective energy from solid compressibility data.

Electronic phases of solids are discussed. Energy values are presented for outer
electrons of the elementary atomic cell for many solid compounds obtained from
computational analysis of experimental compressibility data [2]. The data refer
both to compounds in the equilibrium state at standard pressure and temperature
and to various phases of the solids appearing under high pressure in static or
shock-wave experiments. Parameters are estimated, and the equation of state of
each material phase is calculated. Under pressure new electronic phases are
observed with equilibrium density both higher and lower than the initial phase
density. The solid elementary atomic cell outer electron energy can differ very
considerably for different phases (for example, by a factor of about 80 in different
cesium phases).

The multiple solid electronic phases reflect the variety of energies of electron
excited states observed in spectroscopy. The difference is that in spectroscopy
energy levels of free atoms and molecules are observed, whereas in solid phases
those of the fixed-volume atom are.
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State energies of outer valent s, p, d electrons for lanthanide and actinide elements
are compared. For one-electron excited states f electrons can be considered essen-
tially always as Rydberg ones having energy E= - 1/2n2. In actinides 5f electrons
can hardly be considered as valent electrons in compounds and solids because of
very low bond energy (0.54 eV for a single outer 5f electron).
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5f Band Dispersion in the Highly Correlated Electronic Structure of
Uranium Compounds

Despite the fact that the 5f shell of the light actinides is less than half filled, the
relatively short radial extent of 5f-electron wave functions yields at most minimal
f-f overlap (the critical actinide-actinide spacing for which f-f overlap is no longer viable
was first quantified by H. Hill and found to be 3.4 Å. The spacing for both USb2 and
UAsSe is about 4.5. Å) and results in a myriad of phenomena collectively called
correlated electron behavior. Ordered magnetism as well as heavy fermion phe-
nomena are prevalent. For these two cases it is generally believed that the
f-electrons are nearly localized, and it is the delicate interplay between the small
residual hybridization with the valence bands and Coulomb exchange which
determines whether a material favors the magnetic or the heavy fermion state.
Band behavior of f-electrons has not been considered likely for An-An spacings
greater than the Hill criterion.

The Anderson Impurity Hamiltonian is most often used as the starting point in
theoretically describing uranium compounds (spacing greater than the Hill crite-
rion) with its three 5f electrons although it has been recognized that this model
presents problems for 5f systems. Within this model it is assumed that the
5f electrons behave as localized non-interacting magnetic impurities at high
temperatures. Upon lowering the temperature one either obtains a magnetic state
(exchange predominates) or a
heavy fermion singlet state
(hybridization predominates). In
neither case does one expect
band behavior of f-electrons. In
Figs. 1 and 2 we present angle
resolved photoemission data for
antiferromagnetic USb2 and
ferromagnetic UAsSe respec-
tively, both of which far exceed
the Hill criterion and in which
the 5f electrons are expected to be
purely localized, especially when
taking the magnetism into
consideration. Instead we find
that the 5f’ electrons clearly
display band behavior and are
strongly hybridized with the 6d
electrons. In each figure the 40 eV
photon energy data is about
equally sensitive to 5f and 6d
bands, while the 60 eV photon
energy data represents primarily
5f emission. In both materials the
5f bands are peaked near the
center of the zone, and then
appear to disperse downward
from the Fermi energy, and never
cross it.
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The heavy fermion material UPt3 behaves in an entirely similar fashion, though
the data in that material were acquired on a less precise apparatus. Thus it would
appear that the itinerant nature of 5f electrons in even strongly correlated ura-
nium systems is well established, and we must look for for an alternative to the
single impurity model.
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All-Electron Density Functional Theory Calculations of the Zero-Pressure
Properties of Plutonium Dioxide

The fluorite structure light-actinide dioxides, uranium dioxide and plutonium
dioxide, are both known to be prototypical Mott-Hubbard insulators, with band
gaps produced by strong Coulomb correlation effects that are not adequately
accounted for in traditional density functional theory (DFT) calculations. Indeed,
DFT electronic structure calculations for these two actinide dioxides have been
shown to incorrectly predict metallic behavior.1 The highly-correlated electron
effects exhibited by the actinide dioxides, combined with the large relativistic
effects (including spin-orbit coupling) expected for any actinide compound,
provide an extreme challenge for electronic structure theorists. For this reason,
few fully-self-consistent DFT calculations have been carried out for the actinide
dioxides, in general, and only one for plutonium dioxide.1 In that calculation, the
troublesome 5f electrons were treated as core electrons, and spin-orbit coupling
was ignored.

In this investigation, a relativistic variant of the linear combinations of Gaussian
type orbitals - fitting function (LCGTO-FF) technique has been used to carry out
all-electron, full-potential, DFT electronic structure calculations on the properties
of plutonium dioxide. In particular, the effects of several common approximations
have been examined closely: scalar-relativity (SR) vs. full-relativity (FR); non-spin-
polarized (NSP) vs. spin-polarized (SP); and local density approximation (LDA)
vs. generalized gradient approximation (GGA). (Similar work was recently car-
ried out for uranium dioxide.2) To this end, NSP LDA and GGA calculations were
carried out at both the SR and FR levels of approximation. Then, SP calculations
were carried out for the presumptively more accurate GGA model, without spin-
orbit coupling included (the program used here does not yet allow simultaneous
SP and spin-orbit coupling). When those SP calculations were initiated with a
small ferromagnetic moment, that moment rapidly converged to 4 spins per
plutonium ion, indicating that all four Pu(5f) electrons were aligned.

The present calculations incorrectly predict that plutonium dioxide is a metal for
each combination of approximations considered, as expected for a Mott-Hubbard
insulator. Although this qualitative failure renders any detailed analysis of the
one-electron properties meaningless, the calculations do provide insight into the
relative importance of spin-polarization and spin-orbit coupling effects. Examina-
tion of the band structures (not shown) indicates that the splitting of the Pu(5f)
bands due to spin-polarization is roughly 2.4 eV. In contrast, the spin-orbit split-
ting of the Pu(5f) bands is only 0.5 eV. This result suggests that spin-polarization
effects have a substantially larger impact on the one-electron properties of pluto-
nium dioxide than spin-orbit coupling, although the latter effect might be re-
quired to determine fine details.

The lattice constants and bulk modulii found here for the various combinations of
approximations are compared with experimental values3 in Table I. Careful
examination of the results in the table reveals that density gradient corrections,
spin-polarization, and spin-orbit coupling each increase the lattice constant by
0.1 to 0.2 au, and decrease the bulk modulus by 15 to 30 GPa. Although these
individual effects are small, the cummulative effect is significant. The lattice
constant and bulk modulus that would be produced by a FR-SP-GGA calculation
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Table I. Theoretical
lattice parameters
and bulk moduli
obtained here for
plutonium dioxide
with various
combinations of
approximations are
compared with
experiment. The FR-
SP-GGA results
listed are estimates.

have been estimated in the table under the assumption that spin-orbit coupling
has the same effect on the SP-GGA results as on the NSP-GGA results. The lattice
constant estimated for the FR-SP-GGA approximation is in good agreement with
experiment given the known tendency of the GGA to slightly overestimate lattice
constants. On the other hand, the bulk modulus for plutonium dioxide is drasti-
cally underestimated for all of the approximations considered here. This result is
particularly surprising because the reverse situation occurs for metallic pluto-
nium, with FR GGA calculations overestimating the bulk modulus by a factor of
three.4

Model Spin Relativity a (au) B (GPa)

LDA NSP SR  9.83 246
LDA NSP FR 10.00 218
GGA NSP SR 10.03 220
GGA NSP FR 10.21 192
GGA SP SR 10.12 203
GGA SP FR 10.30 175
Experiment 10.20 379
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Predictions of Plutonium Alloy Phase Stability Using
Electronic Properties (ms120)

Phase stability of plutonium alloys can be assessed by using modified empirical
electronic models in conjunction with measurements of electronic and magnetic
properties of plutonium alloys. Electronic and magnetic property measurements
can potentially non-destructively assess alloyed plutonium phase stability and
the defect structures within the microstructure. These measured physical material
properties are dependent on the phases present since the electronic configuration
of each phase represents a unique excited electron state. Investigators during the
60s and 70s, such as Brewer, have developed empirical models allowing for the
prediction of the electronic configuration of specific phases.1  Brewer has esti-
mated energies of each electronic configuration for lanthanides and actinides.2 ,3

Using solid solution thermodynamics in combination with these electronic mod-
els, the phase diagram for an elemental metal and dilute solid solutions can be
estimated.

There is a plethora of measurements that could be used to determine the relation-
ship between a material’s phase stability and its atomistic structure. The measure-
ments, or properties, of interest are the Seebeck (thermopower) coefficient, mag-
netic, and electrical conductivity. Utilizing the information of the Seebeck
(thermopower) coefficient, which gives information about the filling of electronic
states in the vicinity of the Brillouin zone boundary, the compositional range
resulting in phase transitions can be identified. A strong deviation in the Seebeck
coefficient is an indication that much higher energy states are being filled. In
order for the material to minimize its energy, the material will undergo a transi-
tion to a different crystal structure (reciprocal lattice and Brillouin zone configura-
tion) that results in the lowest energy state available. Magnetic measurements
render information about the d and f electron shells. Information about these
shells can be related to specific excited electronic hybrid states and thus phase
crystal structure. Electrical conductivity measurements can give qualitative
information on the influence of defects and microstructure features on the move-
ment of electrons.
Combining these three
property measure-
ments (or three other
phase sensitive prop-
erties) into a three-
dimensional plot with
each property on each
axis, a region of space
will be formed. This
region identifies the
combination of the
three phase sensitive
properties which
result in the material
having a stable phase.
A schematic drawing
of this concept is
shown in Figure 1.
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Figure 1. Zone
designating a stable
phase region
according to these
properties.
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The evolution of electronic-base alloy theories as applied to the prediction of the
solubility of gallium in plutonium will be presented. The necessary physical and
chemical data to support predictive phase equilibrium models will be identified.
The full implication of the successful use of modified empirical electronic models
with thermodynamic concepts of phase diagram determination will require a team
effort involving physical and chemical property analysts, solution
thermodynamists, and scientists focused on the microstructural evolution of
plutonium.
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Structural Stability in High Temperature Pu
and Pu Alloys

Introduction

Recent work has shown that the ground state (zero temperature) structural prop-
erties of the elemental actinides are well described by electronic structure theory
using a local density or semi-local density approximation (LDA or GGA) for
electron exchange and correlation. In contrast, the high temperature and alloy
structures of Pu are not well understood by ab-inito theory. Accurate electronic
structure calculations cannot reproduce equilibrium volumes and elastic proper-
ties of these structures and alloys, and calculated cohesive energies of the high
temperature structures seem too high above the ground state to be accessible
thermally.

It is generally accepted that the properties of the high-temperature phases require
a reduction in bonding coming from 5f electrons, but the source of this reduction
has not been determined. Strong electron correlations and localization driven by
structural distortion are two of the suggestions that have been put forward.
Attempts to include electron correlation beyond the local density approximation
have been limited to phenomenological Hamiltonians lacking sufficient accuracy
to deal with, and be tested against, real materials and structures. At the present
time, the size of a unit cell necessary for a realistic study of disorder effects is
prohibitively large. We have developed a model, which we call the mixed-level
state, that relies only on the assumption that partial localization of the 5f manifold
is responsible for the reduced bonding. The mixed-level model is quite successful
in describing the basic structural properties of delta Pu and Pu-Ga stochiometric
alloys.

Method

We postulate that the source of the reduction in 5f bonding is a partial localization
of the 5f manifold. The localization need not be complete, so long as any hybrid-
ization between 5f sites may be regarded as a small, many-body perturbation. We
may then, without deciding the cause of the localization, construct a calculational
scheme which is “ab-initio” in the sense that the input consists in principal of the
atomic numbers of the constituent atoms and the geometry. We realize this model
by partitioning the 5f manifold into localized and itinerant parts by means of a
constraint on the density functional energy. The total energy then consists of two
terms, both functionals of the densities from itinerant and localized states. The
first term is the discrete Fourier transform (DFT) energy of the total density,
calculated in a semi-local density approximation; the second term is the difference
in energy between a cooperative many-electron state (we use a Hunds rule state)
and the barycenter (the average over configurations). In principal we may calcu-
late this difference; in practice we use experimentally determined numbers. We
then vary the number of electrons in the localized manifold to find the minimum
energy configuration.
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Results

We have calculated the equilibrium volumes and total energies of delta Pu,
Pu(3)Ga, and PuGa as a function of the occupation of the localized manifold. The
energy is minimum with four 5f electrons localized in all cases, and the
equlibrium volumes are close to the experimentally observed volumes. With this
scheme, the delta phase is calculated to have an energy much closer to the energy
of alpha Pu than with conventional calculations. We have also applied this
scheme to the calculation of the tetragonal shear constant (C11-C12)/2 and find a
that the lattice is stable against a tetragonal shear with a softened shear constant.
Furthermore, the lowest energy crystal field state is a (non-magnetic) singlet,
which would explain the lack of a moment in the delta phase. A further result of
this calculational model is illustrated in Figure 1. This figure shows localized and
itinerant solutions for the total energy for U, Pu, and Am. The itinerant solution is
heavily favored in U, while the localized solution is heavily favored in Am; the
two solutions are almost degenerate, on this scale, in Pu.

These results are promising both for potential calculational capability and for
probing the physical source of localization in Pu and actinide compounds. We are
currently applying this mixed-state model to the beta, gamma, and epsilon phases
of Pu.

Figure 1. Itinerant
and localized
solutions of the total
energy as a function
of volume for
uranium, plutonium,
and americium.
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Diffusion of Helium in Plutonium Alloys

Since nuclear underground testing ceased in 1992, reliance on scientific interpreta-
tion of aging properties of plutonium alloys has greatly increased in importance.
Therefore, justifications of reliability of plutonium alloys must be based on ex-
perimental data. One area of interest where new data could have a significant
impact is the determination of the behavior of helium in plutonium alloys.

Helium is not naturally present in materials. To study the behavior of helium in
materials, helium must be introduced into the crystal lattice by bombardment, by
implantation, or by nuclear decay. Helium is introduced into the plutonium lattice
by nuclear decay (alpha decay).

239Pu → 235U + 4He

Figure 1 shows the relative amount of helium that is produced over time from the
decay of plutonium for typical weapons compositions.

Many interactions occur when plutonium decays into uranium and an alpha
particle. On average, the total amount of energy released from a plutonium alpha
decay event is 5.24 MeV. Conservation of momentum dictates that the uranium
atom and alpha particle will have an average energy of 0.09 and 5.15 MeV, respec-
tively. This amount of energy must be dissipated, which generates many different
types of interaction between the plutonium atoms, the uranium atoms, and the
helium atoms. There are a number of helium interactions occurring in a lattice.
Helium interactions include (1) trapping and thermal detrapping of helium in
single vacancies, divacancies, and higher order clusters; (2) helium trapping at
dislocations and grain boundaries; (3) replacement of helium bound to single
vacancies by either interstitial plutonium atoms or uranium atoms; (4) helium
clustering into vacancy-helium complexes; (5) displacement of trapped helium
atoms by helium-helium or helium-uranium collisions; and (6) diffusion of
helium as an interstitial.1
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Past research shows the presence of helium can significantly alter the behavior of
metals and alloys2 ,3 ,4 ,5 ,6  because helium is essentially insoluble in metals.7  Theo-
retical calculations show that when helium occupies interstitial positions, it has
the ability to move through the lattice at a significant rate.8  Also, calculations
show that helium atoms in nickel and copper energetically prefer to cluster rather
than remain as isolated interstitial atoms.9  Helium atoms will cluster at defects
such as vacancies, dislocations, or grain boundaries. Finally, atomistic calculations
are able to verify the observation that helium, however introduced into the lattice,
will remain trapped until thermally desorbed.10 ,11 ,12

As the U.S. stockpile of nuclear weapons ages, it is important that we quantify
and determine the effects of helium accumulation in the plutonium-239 crystal
lattice. One way to characterize aging effects in plutonium is to accelerate aging
by doping plutonium-239 with plutonium-238 because plutonium-238 decays
approximately 282 times faster than plutonium-239. The time-dependent phenom-
ena we expect to simulate by plutonium-238 doping are radiation-induced void
formation and swelling; ingrowth of helium, uranium, and americium; and phase
stability.

We are preparing plutonium-239 metal blended with 5% and 7.5% plutonium-238.
Referencing the yearly total amount of helium produced from plutonium and
uranium decay, 5% and 7.5% plutonium-238 ages approximately 12 and 17 times
faster than electrorefined plutonium each year, respectively. Figure 2 shows the
influence of increasing the concentration of plutonium-238 on simulating the real-
time aged alloys.
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We alloyed the doped plutonium metal with gallium to produce a solute-stabi-
lized delta phase. Samples of this alloy are stored under carefully controlled
conditions designed to simulate realistic stockpile storage environments, account-
ing for self-heating and thermally sensitive aging effects. We will perform periodic
measurements of the kinetics of helium effusion in the doped alloys and compare

Figure 2.
Equivalent ages
for doped
plutonium and
actual plutonium.
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the results to those for undoped cast material and samples from aged undoped
plutonium. The data can then be used to estimate the locations where helium is
being trapped.

We use a Sieverts equilibrium system to perform thermal desorption experiments.
The apparatus consists of a furnace connected to a manifold with volumes pre-
cisely calibrated as a function of temperature. A mass spectrometer is used to
determine exact ratios of helium gas collected from the samples. Preliminary
helium effusion data are presented for accelerated aged and real-time aged mate-
rial.
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Effects of Self-Irradiated Damage on Physical Properties of
Stabilized Pu Alloys

Introduction

Our team is currently conducting experiments in the areas of thermal, physical
and magnetic properties of Pu239 alloys doped with small quantities of Pu238 in an
effort to further our understanding of alterations in electronic structure and self-
irradiated damage in these alloys. The combination of data from these measure-
ments will provide the following information: elastic properties and material
compressibility, relative lattice defect concentration, microstructure alterations and
phase homogeneity, phase transition onset temperature, intermediate phase
stability, and transformation type. This series of measurements will provide a
unique before and after picture of aging in these stabilized alloys, therefore an-
swering important questions concerning these materials and providing valuable
comparisons between newly cast materials and site-returned materials.

Experimental Work

We will apply these solid state experimental capabilities to determine the revers-
ible and irreversible thermodynamics of these Pu alloys. Since thermodynamics
controls alloying, homogeneity, and long-term phase stability, these studies will
provide a sound technical and scientific foundation for understanding self–
irradiation damage within these materials. In the case of Pu, self-irradiation
damage is the result of a decay process in which an a-particle and a recoiling U
atom release decay energy into the lattice through successive collisions. These
collisions result in lattice defect and thermal energy production.

Past and present studies of Pu self-irradiation damage1 have been dependent upon
the addition of small quantities of the more radioactive Pu238 isotope to Pu239. These
defects are mobile at ambient temperature, so the samples should be stored at
cryogenic temperatures if the full spectrum of defects can be retained within the
structure and studied. This behavior represents the time accumulation of scatter-
ing sources as detected by electrical resistivity in doped and undoped samples of
α-phase Pu maintained at 22.5K.2 This self –irradiation damage can be removed by
annealing the samples at higher temperatures, and the damage removal mecha-
nism operates in stages.2

Both conduction electrons and phonons are well described as waves within
crystalline solids, and so both are susceptible to scattering from impurities,
defects, lattice instabilities, spin waves, etc. These electrons and phonons transport
thermal and electric energy through the solid according to irreversible thermody-
namics.3 Electrical resistivity  (r) originates from the scattering of the electron
current as it flows through the solid under a motivating electrical voltage.
Thermal Conductivity (k) originates from the additive response of electrons and
phonons as they flow through the solid under a motivating temperature gradient.
In metals, the quantity rk/T has a constant value known as the Lorentz number
Lo=2.4x10-9(V/K)2, which is a direct indicator of electronic scattering with
phonons. Variations from this constant value indicate scattering that results from
dynamic instabilities in the lattice, ionized impurities, and other scattering
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sources. Thermoelectric power (a) is the most sensitive transport property, be-
cause it is strongly dependent on the number of electrons for scattering and
changes in the mean free path between scattering events. The sign of the thermo-
electric power is a direct measure of the dominant carrier, either electrons or
holes, and is sensitive to magnetic impurities within the metal, which can be
correlated with magnetic susceptibility measurements.

Reversible thermodynamics is also being utilized in this study. Dilatometry and
resonance ultrasound spectroscopy (RUS) are useful in determining the
anharmonic and elastic nature of the inter-atomic bonding properties of a solid,
respectively, and so easily detect changes in bonding between atoms associated
with crystal symmetry changes, alterations in the unit cell volume, and lattice
damage. AC/DC magnetic susceptibility is determined by the magnetic response
of a material to low frequency and/or constant magnetic fields and establishes
the magnetic response of the material, the existence of magnetic impurities and
the clustering of these impurities into magnetic domains.
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